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Introduction
After its first use in the Chicago stock-

yards in 1908, chlorination ofdrinkingwater
spread rapidly throughout the United States
and produced dramatic reductions in mor-
bidity and mortality associated with water-
bome disease.' Since then, chlorine has re-
mained the method of choice for water
purification; it is currently added to approx-
imately 75% of the nation's drinking water.2
In 1974, Rook3 discovered that the combi-
nation of chlorine with organic compounds
in drinking water produced halogenated or-
ganic compounds-chloroform, in particu-
lar. In 1975, the National Organics Recon-
naissance Survey4 verified that chlorination
by-products were a major contaminant of
chlorinated surface water. The study also
showed that chloroform concentration cor-
relates highly with the concentrations of
other halogenated hydrocarbons and is,
therefore, a useful indicator for the presence
of these compounds. Since this finding, a
plethora of epidemiological studies-27 have
investigated possible associations between
consumption of chlorinated water and can-
cer. These studies consider a wide range of
populations and regions and demonstrate
somewhat inconsistent pattems of associa-
tion. We used meta-analytic methods to
pool the results of these studies in an at-
tempt to further our understanding of the
relationship between water chlorination and
neoplastic diseases. Meta-analysis provides
greater statistical power and greater resolu-
tion in the estimation of relative risks than
do individual studies.

Methods
Identification ofRelevant Studies

To identify references pertaining to
the relationship between chlorination of

drinking water and neoplastic diseases,
we used the Medline data retrieval system
to search the medical, public health, and
biological literature from 1966 through
1991. Relevant papers were obtained and
reviewed to locate additional references.
Because initial analyses suggested an as-
sociation between chlorination and both
bladder and rectal cancer, the Medline
system was used to conduct a second
search of the literature over the same 25-
year period for papers that considered
these neoplasms and mentioned water in
the title, abstract, or keywords.

Only those studies that identified
morbidity or mortality as well as exposure
and potential confounders at the level of
the individual (i.e., case-control or cohort
studies) were included in the meta-analy-
sis. Studies that considered incidence and
exposure at the level of a region or com-
munity (i.e., ecological studies) were ex-
cluded.

Quality Scoring and Exposure
Assessment

Each article was blinded as to au-
thors, institutions, joumal, and study re-

Robert D. Morris is with the Division of Bio-
statistics, Medical College of Wisconsin, Mil-
waukee, Wis. Anne-Marie Audet is with the
American College of Physicians, Philadelphia,
Pa. Italo F. Angelillo is with the Institute of
Hygiene and Preventive Medicine at the Uni-
versita Degli Studi di Napoli Fredrico II, Na-
ples, Italy. Thomas Chalmers and Frederick
Mosteller are with the Technology Assessment
Group, Harvard University School of Public
Health, Boston, Mass.

Requests for reprints should be sent to
Robert D. Morris, MD, PhD, Division of Bio-
statistics, Medical College of Wisconsin, 8701
Watertown Plank Road, Milwaukee, WI 53226.

This paper was submitted to the Journal
August 21, 1991, and accepted with revisions
March 23, 1992.

American Journal of Public Health 955



Monis et al.

sults. Two independent readers scored
each paper for quality, using a scoring sys-
tem that incorporates elements ofsystems
developed by Chalmers et al.28 and Long-
necker et al.29 Studies were scored on the
basis of selection of subjects, measure-
ment of and adjustment for confounding
variables, exposure assessment, and sta-
tistical analysis. The overall quality score
was calculated from three subscores: a
general methods score, a data analysis
score, and an exposure assessment score.
Each subscore was calculated as the per-
centage of applicable quality criteria that
were met in each study. The criteria em-
ployed are listed with the results. The cu-
mulative quality score was a weighted av-
erage of the three scores, with both
general methods and exposure assess-
ment receiving twice theweight ofthe data
analysis score.

Exposure assessment is the most
difficult task in a study of this kind. Three
factors determine a person's cumulative
exposure to an environmental contami-
nant or risk factor: (1) the environment to
which the person was exposed, (2) the
level of the proposed agent present in the
environment, and (3) the degree to which
the person is exposed to that environ-
ment. In the current context, these ex-
posures refer to (1) the source of tap wa-
ter, (2) concentrations of chlorination by-
products in that tap water, and (3) the
amount oftapwater consumed. Although
exposure at a fixed point in time (e.g., the
time of diagnosis or death) often corre-
lates highly with lifetime exposure, a
complete assessment of exposure must
also include the historical records for
each of these three factors. Thus there
are six factors that must be evaluated in
each study: three exposure factors plus
historical records for each of these fac-
tors. The quality of exposure assessment
was scored for each study as the percent-
age ofthese factors thatwere evaluated in
the study.

Most of the identified studies used
consumption of surface water as an indi-
rect measure of exposure to chlorination
by-products. Unchlorinated natural wa-
ters do not contain significant amounts of
chlorinated hydrocarbons. Consequently,
the comparison of consumers of chlori-
nated water with consumers of unchlori-
nated water provided an acceptable
surrogate for comparing exposure vs non-
exposure to chlorination by-products.

Similarly, chlorinated surface water
contains more chlorination by-products
than does groundwater. Whereasvirtually
all surface water is chlorinated, ground-

water tends to be less heavily chlorinated,
and in the case of private wells the water
is often unchlorinated. In addition,
groundwater contains less organic matter
than does surface water. Organic matter
combines with chlorine to form chlorina-
tion by-products. Measurements of chlo-
rination by-products in the drinking water
supply2 have shown that chlorinated sur-
face water contains much higher levels of
these by-products than does chlorinated
groundwater (medians of50.7 and 0.8 ppb,
respectively) evenwhen the surface water
is drawn from protected reservoirs. For
these reasons, consumption of surface
water vs groundwater was also used as a
surrogate for exposure to chlorination by-
products.

Although most of the studies used ei-
ther consumers of groundwater or con-
sumers ofunchlorinated water for the con-
trol group, one study22 used consumers of
chloraminated water as the control group.
Chloramination is a processwhereby both
chlorine and ammonia are added to fil-
tered drinking water to form chloramines.
This chloramine residual is intended to
provide sufficient bactericidal capacity to
maintain water purity in the distribution
system without introducing large amounts
offree chlorine. This is a process that min-
iniizes the formation of chlorination by-
products. Therefore, this comparison of
chlorinated with chloraminated water
consumption provided a surrogate for ex-
posure vs nonexposure to chlorination by-
products.

Chloroform is the most common
chlorination by-product and consequently
has been the focus of health concerns re-
lated to water chlorination. Several stud-
ies included measured chloroform levels
in their exposure assessments. Although
recent research30 suggests that other by-
products may be more toxic, chloroform
concentration correlates well with the
concentration of other by-products.4
Therefore, measures of chloroform con-
centrations were deemed to be the most
accurate measures of chlorination by-
products.

Extraction ofRelative Risk
Estimates

The odds ratios or relative risks for
cancer among consumers of drinking wa-
ter containing chlorination by-products
were identified for each of the selected
studies. Exposure was defined on the ba-
sis ofthe categorization of subjects as con-
sumers of chlorinated water or surface
water in the individual studies; nonexpo-
sure was defined on the basis of the cate-

gorization of subjects as consumers of
nonchlorinated water, chloraminated wa-
ter, or groundwater. When risks were
stratified by sex, they were recorded as
such. Thevariance ofthe natural log ofthe
odds ratio or relative riskwas derivedwith
the statistics provided in the particular
study. If an odds ratio was reported to be
different from unity with P less than a
specified significance level, the variance
was calculated assuming P equal to this
maximum value (e.g., given P < .05,
P = .05 was assumed). Calculation of a
variance on the basis of this conservative
assumption resulted in the maximum pos-
sible variance and minimized the proba-
bility of a type I error in the meta-analy-
ses. If a study reported a coefficient from
a logistic regression, the regression coef-
ficient was used along with an estimate of
average exposure for the exposed sample
to calculate an estimate for the relative
risk. Studies that stratified according to
level of exposure were analyzed by pool-
ing the values from each stratum to yield
a single value from each study estimating
the relative risk for the exposed vs non-
exposed populations.

The neoplasms considered in these
studies were sufficiently rare that odds ra-
tios were deemed to be close approxima-
tions of relative risks. Therefore, we did
not distinguish between odds ratios and
relative risks in our meta-analysis. All re-
sults listed may be considered as relative
risk estimates.

Some studies reported morbidity
data and others reported mortality data.
For relative risks for mortality to differ
from relative risks for morbidity, the ex-
posure in question must alter disease sur-
vival. We have no reason to expect that
water chlorination alters disease survival.
To evaluate this possible bias, we ana-
lyzed the two groups separately as part of
the sensitivity analysis descnbed below.

Meta-analysis
The relative risk estimates were an-

alyzed in two stages, a meta-analysis of all
studies and a meta-analysis of selected
subgroups of studies. In the first stage,
meta-analyses were performed for each
cancer site by pooling all pertinent studies
without stratifying for sex. If a given tu-
mor sitewas evaluated in at least two stud-
ies, relative risk estimates were pooled
and analyzed for that site. The random
effects model described by DerSimonian
and Laird31 was used to combine the col-
lected values. This procedure yielded a

single estimate of the relative risk for or-
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gan-specific neoplasms in individuals ex-
posed to chlorination by-products in
drinking water.

Meta-analysis, in addition to improv-
ing our ability to identify small but signif-
icant relative risks in the context of ap-
parently contradictoxy research findings,
enhances our capacity to interpret truly
negative results. Statistical power is a
measure of the probability of finding a sig-
nificant difference, assuming a specified
effect and a specified type I error rate. A
detailed analysis of statistical power was
carried out for each cancer site. For each
negative result (P > .05) the probabilityof
detection of relative risks of 1.2, 1.4, and
1.6 was determined on the basis of the
calculated relative risk estimate and vari-
ance.

Sensivity and Dose-Response
Analyses

If the first analysis demonstrated a
significant association (P < .05) between
chloroform exposure and neoplastic dis-
ease for a given site, a second set ofmore
detailed analyses was performed on rela-
tive risk estimates pertaining to that site.
The influence of potential confounding
variables, sex differences, quality score,
and accuracy of exposure assessment on
the effect of chlorination by-products
were all evaluated in this stage. In addi-
tion, studies that provided dose-response
relationships were pooled separately.

The effect of inaccurate determina-
tion of exposure to chlorination by-prod-
ucts (misclassification bias) and the effect
of incomplete control for confounding
variables were of particular concern. The
authors of each study chose to adjust for
a slightly different set of potential con-
founding variables. A failure to adjust for
some factor (e.g., smoking in bladder can-
cer) might well lead to erroneous esti-
mates of risk. To determine whether such
differences among studies might have an
impact on the pooled results, individual
studies that controlled for confounders
were grouped for separate meta-analyses.
The relative risk estimates of cancer for
each site were also pooled separately for
each sex. Studies were also divided into
two groups and analyzed according to
their score for overall quality and for qual-
ity of exposure assessment. In each case,
studies with scores above the mean were
compared with studies whose scores were
below the mean.

A conventional literature review
pools findings implicitly by weighting ac-
cording to a subjective and unspecified
quality scoring system. Although weight-

ing by quality score is intuitively appeal-
ing, there is no established protocol either
for calculating a quality score or for
weighting according to score. As a simple
test, we repeated the meta-analyses for
bladder and rectal cancer, using quality
scores as weights.

Meta-analysis was also used to eval-
uate dose-response relationships. For
each study that stratified by level of ex-
posure, relative risk estimates for high,
medium, and low levels of exposure were
determined. The studies were then com-
bined, with each level pooled separately.

The dose-response analysis excluded
those studies that evaluated exposure as a
dichotomous variable. In order to deter-
mine the impact of this exclusion, we re-
peated the dose-response analysis with
these studies included. In order to include
these studies, we assumed that the ex-
posed group in studies with dichotomous
exposure measures had experienced mod-
erate levels of exposure.

Resuls
Literature Search

The literature search identified 10
case-control studies15-24 and two cohort
studies25 26that investigated the relation-
ship between some measure of exposure
to chlorination by-products in the drinking
water and cancer. One case-control
study19 considered source of drinking wa-
ter as one ofmanypotential riskfactors for
bladder cancer. The association between
bladder cancer and drinking water was
stated to be nonsignfficant, but numerical
results were not reported, maldng the in-
clusion of this study in the meta-analysis
impossible. One cohort study considered
bladder cancer in a group ofworkers with
exposure to a known carcinogen. This co-
hortwas deemed not to represent the gen-
eral population and was also excluded.
The 10 studies that were entered into the
meta-analysis are listed in Table 1.

One study22 evaluated a variety of
neoplasms and found an association be-
tween bladder cancer and chlorination. It
was followed by a second study27 that an-
alyzed the same sample with more thor-
ough methods for assessment of exposure
to chlorination by-products. The second
study reported two odds ratios, one com-
paring high exposure to no exposure and
the other comparing moderately high to
moderately low exposure. The second of
these two odds ratioswas used in the anal-
yses ofbladder cancer except in the dose-
response analysis, in which both values
were used.

QualWy Sco7ing
Table 2 shows the results of the qual-

ity scoring procedure. All 10 studies iden-
tified the source of drinking water at the
residences of the subjects either at the
time of the study or at the time of death.
Chloroform concentrations and specific
tap water consumption rates for the sub-
jects were determined in a minority of the
studies (4 in both cases). Historical pat-
terns ofd ngwater consumption were
not quantified in any of the studies. His-
torical sources of tap water were evalu-
ated in 6 of the studies. No study used
historical values of chlorination by-prod-
uct concentrations, because these are not
generally available, but 7 used some por-
tion ofthe historical record, such as water
utility chlorination logs, to estimate his-
torical levels of chlorination by-products
in drinking water. The studies are listed in
Table 1 in order of their quality scores.

Selection of cases and controls fol-
lowed accepted procedures and was not a
major source of bias in these studies. In-
formation bias associated with failure to
adjust for confoundingvariables may have
been more of a problem. With the excep-
tion of age (100%o), sex (100lo), population
density (80%), and race (60%), potentially
confounding variables were not generally
adjusted for. Statistical analyses in these
studies were usually thorough with regard
to the determination of relative risks, but
they tended tobe less rigorouswith regard
to analyzing other aspects of the sample
groups. Although most studies listed P
values (70%), adjusted for confounders
(90%), and identified specific tests used
(80%), few listed or analyzed demographic
data (40%). Only one study (10%) pro-
vided power calculations.

Ertraction ofRisk Estimates and
Meta-analysis

Table 3 lists the relative risk esti-
mates extracted from each study. Al-
though 39 of these 64 estimates (64%) are
greater than 1.00, only 19 (30%) are sig-
nificantly greater than 1.00 (P < .05).

Table 4 lists the results of the organ-
specific meta-analyses, with power calcu-
lations. Bladder cancer has an overall rel-
ative risk estimate of 1.21 (95% CI: 1.09,
1.34). Rectal cancer has a relative risk es-
timate of 1.38 (95% CI: 1.01, 1.87). Lung,
breast, brain, kidney, liver, pancreatic,
esophageal, colonic, and gastric neo-
plasms all have pooled estimates of rela-
tive risk that are not significantly different
from unity.

Note that all 12 relative risk estimates
were greater than 1.00, suggesting that the
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association of chlorination by-products
with cancer, although modest, is more
general than the two statistically signifi-
cant sites. Pooling all 12 sites yields an
estimate ofthe overall relative risk for can-
cer associated with chlorination by-prod-
ucts in drinkingwater of 1.15 (P < .0001).
Eliminating bladder, rectal, and colorectal
cancer and repeating this overall meta-
analysis results in a relative risk estimate
of 1.09 (P = .006).

Thepowerofthenegativemeta-analy-
ses to detect a relative risk of 1.2 at a sig-
nificance level of .05 ranges from .27 for
breast cancer to .70 for pancreatic cancer,
compared with a power of only .06 for
brain tumors. For a relative risk greater
than 1.6, power for all of the sites with
negative findings rises above .90, with the
exception of that for brain cancer, which
only reaches .18.

Senvdivity and Dose-Response
Analyses

Of the sites listed, only bladder and
rectal cancer met the established criteria
for further analysis. In addition, colonic
neoplasms were included in these analy-
ses to evaluate the apparent differences
between risks for colonic and rectal neo-
plasms given the anatomic and physio-
logic relationship between the two sites.
For bladder cancer, the effects of adjust-
ing for smoking, occupation, or popula-
tion density were evaluated. For rectal
and colon cancer, only population density
was analyzed (other risk factors, such as
diet, were not included in the studies se-
lected). Table 5 lists the results of these
analyses.

For bladder cancer, adjustments for
confounders do not appear to alter the as-
sociation with exposure to chlorination
by-products. Separate meta-analyses of
studies that adjusted for population den-
sity, smoking, or occupation yielded rel-
ative risk estimates of 1.20, 1.25, and 1.22,
respectively. The single study that
adjusted for all three factors had a relative
risk estimate of 1.19. Estimates of relative
risk for bladder cancer were 1.17 for fe-
males and 1.24 for males.

The bladder cancer studieswith qual-
ity scores above the average for this group
had a pooled relative risk estimate of 1.25
(95% CI: 1.08, 1.45). Those with below-
average quality scores had a pooled value
of 1.16 (95% CI: 0.96,1.40). Improved ex-
posure assessment increases the estimate
ofrelative risk and narrows the confidence
limits around this estimate from 1.16 (95%
CI: 0.96, 1.40) to 1.25 (95% CI 1.09, 1.45).

For rectal cancer, adjustments for
confounders do not appear to alter the as-
sociation with exposure to chlorination
by-products. Separate meta-analysis of
studies that adjusted for population den-
sityyielded a relative risk estimate of 1.33.
Estimates of relative risk for rectal cancer
were 1.11 for females and 1.24 for males.

The rectal cancer studies with quality
scores above the average for this group
had a pooled relative risk estimate of 1.91
(95% CI: 1.56, 2.35). Those with below-
average quality scores had a pooled value
of 1.07 (95% CI: 0.89,1.29). Improved ex-
posure assessment increases the estimate
of relative risk from 1.23 (95% CI: 0.89,
1.70) to 1.57 (95% CI: 1.09, 2.24).

A different picture emerges with re-
gard to colon cancer. No grouping of stud-
ies, eitherby sexorby adjustment forpop-
ulation density, results in a significant
estimate of relative risk for colon cancer.
In the quality score breakdown, high-qual-
ity-score studies had lower risk estimates
than did low-quality-score studies (1.10
[95% CI: 0.79,1.53] vs 1.13 [95% CI: 0.86,
1.48]).

Weighting by quality score alone pro-
duced relative risks of 1.34 forbladder can-
cer and 1.46 for rectal cancer (95% CIs:
[1.20, 1.49] and [1.29, 1.64], respectively).

Estimates of relative risk for bladder,
colon, and rectal cancer at low, medium,
and high exposure levels are shown in Ta-
ble 6. The values for bladder cancer rise
steadily from 1.03 to 1.20 to 1.41 and dem-
onstrate increasing levels of significance
with increasing exposure level. Rectal
cancer also shows a pattem of increasing
relative risk with increasing cumulative
exposure from 1.13 to 1.29 to 2.04. The
inclusion of studies with dichotomous
measures of exposure produces estimates
ofrelative risk for moderate exposure that
fall, in each case, between the estimates
for high and low exposure.

A comparison between studies eval-
uating incidence and those evaluating
mortality did not show a substantial dif-
ference between the two categories. For
bladder cancer, the pooled relative risk
estimates were 1.22 (95% CI: 1.03, 1.44)
forthe five mortality studies and 1.24(95%
CI: 0.92, 1.67) for the two incidence stud-
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ies. For rectal cancer, these estimnates
were 1.37(95% CI:0.98, 1.92) forthefive
mortality studies and 1.42(95% CI: 0.70,9
2.88) for the lone incidence study. This
stratified analysis suggests that incidence
studies in our analysis do not yield differ-
ent relative risk estimates from mortality .

studies. .........1...

.~~~~~~~~~ .~~~~~~~~..~ ~ ~ ~ ~ g

The data support a sigiiatasso-
ciation between bladder cancer and expo-
sure to chlorination by-products in drink-14 1~4
ing water. This association appears to
follow a dose-response relationship. Con-
trolling for potential confounders (i.e., .......SIAO
sex, smoking, urban living, and occupa- . ...........
tional risk) does not diiihthis associ 11
ation. The association of rectal cancer
with chlorination by-products follows a 12 0U2~

pattern similar to that of bladder cancer.
The association of chlorination by-

products with bladder and colon cancer
increases with improved exposure assess 4 .....'1tZ2
ment and higher overall study quality. :*...
This pattern strengthens the evidence for ..........
an association between both rectal and ~it 0#~~
bladder cancer and chlorination by-prod-lp U~*
ucts and suggests that the true relative 4 l G 1
risks maybe higher than those listed here. --i i

Chlorination by-products are associ-
ated with cancer of the rectum, but not 1031*
cancer of the colon. The bladder and the .....OIL 140.
rectum both serve a similar pysiological i,.4
function by storing concentrated excre- .It 0T14
tory products. One might speculate that
the epithelial tissue atbothsitesisexposed . . .~.
to higher levels of chlorination by-prod-
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ucts and is therefore at increased risk for
the development of neoplasia.

The most important potential con-
founder not adjusted for in these studies is
diet. If consumption of a diet high in fat
and low in fiberwere associated with con-
sumption of chlorinated water, one could
argue that the observed association is sim-
ply a surrogate for dietary risk. We know
of no such association. In addition, if diet
were responsible for the observed associ-
ation with rectal cancer, we would expect
to see the same association with colon
cancer. The marked differences in these
associations tend to refute the contention
that diet is an explanatory factor for ob-
served associations.

With regard to other sites for neo-
plastic disease, relative risks < 1.2 cannot
be excluded with a high degree of confi-
dence for any of the sites considered. A
relative risk 2 1.6 for cancer associated
with chlorination by-products can, how-
ever, be excluded with a high degree of
confidence, on the basis of current evi-
dence, for most sites. The meta-analysis
for brain cancer lacks the power to ex-
clude with any certainty even a high rel-
ative risk for cancer.

The present study has identified a
clear and significant association between
neoplastic disease and the consumption of
water containing chlorination by-prod-
ucts. Precise cause and effect cannot be
determined. The possibility that chlorina-
tion may serve as a marker for some other
aspect of drinking water quality or an as-
sociated geographic or demographic vari-
able cannot be entirely discounted, given
the available research. If chlorination by-
products are carcinogens, the identity of
the compound or compounds involved is
unclear. One agent actively being investi-
gated in this context is a chlorinated hy-
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droxy-furanone recently identified as an
extremely potent mutagen present in
chlorinated surface water.30

Ifwe posit that the association dem-
onstrated between chlorination by-prod-
ucts and cancer represents a causal rela-
tionship in some way, the positive relative
risks identified for bladder and colon can-
cer can best be interpreted in the context
of attributable proportions (i.e., that por-
tion of cases that can be attributed to a
given risk factor32). By a conservative es-
timate, based on the54% ofthe population
that consumes chlorinated surface water
(rather than the75% that consumes chlori-
natedwater), a21% increase in the risk for
bladder cancer and a 38% increase in the
risk for rectal cancer translate into attnb-
utable proportions of9% and 15%, respec-
tively. With US incidence rates for blad-
der and rectal neoplasms of 47 000 and
44 000 cases per year, respectively,33
these proportions suggest that about 4200
cases (9%) ofbladder cancer per year and
6500 cases (18%) of rectal cancer per year
are associated with the consumption of
chlorinated water. The higher estimates
for relative risk associated with more ac-
curate assessment of exposure suggest
that the true attnbutable proportions may
be higher than those stated here.

Of the original papers included in the
meta-analysis, only three of the seven
bladder cancer studies and two of the six
rectal cancer studies were statistically sig-
nificant. Consequently, a standard review
of the literature might conclude, errone-
ously, that no significant risk exists.
Seemingly small risks posed by environ-
mental factors may have major health im-
pacts because ofthe large numbers ofpeo-
ple exposed. The results of the meta-
analysis demonstrate the utility of this
methodology in the identification of im-

portant but elusive relative health risks
and suggest that a wider application of
meta-analysis is warranted.

Our findings are in no way intended
to suggest that the disinfection of dfinking
water should be abandoned. The potential
health risks of microbial contamination of
drinkigwater greatly exceed the risks de-
scnibed above. Nonetheless, these find-
ings should provide an impetus to identify,
develop, and implement disinfection strat-
egies that are not associated with adverse
health effects. []
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